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3-1.  Test  aatrlx 
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Injury  to  the  wall  of  tha  large  Intestine  has  eaerged  as  having  a  lower 
threshold  for  occurrence  than  lung  Injury  in  the  qualitative  cnlaal  tests  maue 
to  date*  The  presence  of  gas  In  the  fora  of  bubbles  is  certainly  the  source  of 
the  organ's  coepllsncy,  but  the  exact  cause  and  effect  relation  to  lnjuty  la 
only  speculative  at  this  tlae*  At  the  first  quarter's  review  Meeting,  tiers 
was  considerable  discussion  on  this  point  and  on  the  relevance  and  interpreta¬ 
tion  of  bubble-in-gel  experiments  proposed  for  the  BOP  prograa.  Consequently, 
it  was  decided  to  conduct  an  analysis  of  the  intestine  to  guide  future  experi¬ 
mental  work  and  to  conduct  preliminary  blast  exposure  tests.  Further  investi¬ 
gation  of  these  Issues  can  be  found  in  the  final  report  "ExperlMntal  Study  of 
the  Correlation  between  Gastro-Intestlnal  Injury  and  Blast  Loading. “  . 


2.  A  SIMPLIFIED  FINITE  ELEMENT  ANALYSIS 


Water  is  an  Incompressible  liquid  that  supports  only  viscous  stress  (.due 
to  shear  velocity);  gel  is  an  incompressible  solid  that  supports  only  elastic 
stress  (due  to  shear  displacement);  intestinal  contents  are  a  gas-liquid-solid 
slurry  that  probably  has  visco-elastic  properties.  One  important  aspect  of  any 
physical  simulation  to  idealize  the  injury  mechanism  is  the  choice  of  material 
properties  of  the  contents. 

To  help  answer  this  question  we  have  conducted  an  analytical  study  of  the 
dynamics  of  an  air-containing  tube.  For  convenience,  the  geometry  of  the  tube 
section  is  a  rectangle  (1.0"  x  1.4"  x  1.0”)  and  the  material  composite  is:  an 
elastic  outer  skin,  thickness  0.05"  and  variable  elasticity;  a  rectangular  air 
cavity  that,  can  be  anywhere  within  the  tube;  and  a  filling  material  that  is 
either  an  elastic  solid  (gel),  an  incompressible  liquid  (water),  or  a  combina¬ 
tion.  By  symmetry,  only  one  octant  needs  to  be  considered  in  the  calculation 
and  a  perspective  drawing  of  that  sector  is  shown  in  Figure  2-1.  For  con¬ 
venience  in  visualizing  the  fluid  surface  displacements,  however,  the  symmetry 
operators  have  been  used  to  reconstruct  the  entire  surface. 

The  simulations  presented  here  consider  the  difference  in  response  be¬ 
tween  liquid  and  elastic  solid;  bubble  near  the  surface  and  on  the  centerline; 
and  variations  in  the  elasticity  of  the  skin  material.  The  results  are  com¬ 
pletely  qualitative  at  this  stage  because  the  material  ;Toperty  constants  used 
in  the  calculations  do  not  necessarily  correspond  to  water,  gel,  and  intesti¬ 
nal  wall.  Rather,  they  are  extremes  that  show  the  trends  that  could  be  expect¬ 
ed  and  suggest  further  analyses.  Furthermore,  these  initial  calculations  did 
not  surround  the  casing  with  water;  the  lack  of  that  added  inertia  will  affect 
the  amplitude  and  frequency  of  the  response.  All  of  these  differences  can  be 
eliminated  in  the  future. 

A  pressure  .'  eld  similar  to  that  seen  in  the  experiments  described  in 
Section  7  (rise  cime:  1.2  msec,  peak  pressure:  40  psi,  tail  pressure:  15  psi) 
was  applied  everywhere  on  the  outer  surface.  Figure  2-2  shows  the  surface 
displacement  time  history  when  the  bubble  is  at  the  surface  and  the  tube  is 


filled  with  water.  The  Young's  modulus  for  the  akin  is  1500  pel.  Waves  along 
the  vater-skin  Interface  can  be  seen.  Figure  2-3  shows  the  sane  situation  when 
the  tube  is  filled  with  gel.  The  stress  is  now  absorbed  by  the  elasticity  of 
the  gel  and  the  surface  displacement  occurs  only  at  tho  bubble  site,  where  the 
edge  8 tress  is  large.  Figure  2-4  shows  the  dlsplaceaent  when  the  bubble  is  at 
the  center  of  the  water-filled  tube.  The  displacement  is  less  but  similar  to 
the  earlier  case.  For  the  elastic  solid  case  when  the  bubble  is  in  the  center 
no  displacement  can  be  seen. 

The  shear  modulus  for  the  elastic  solid  laay  be  too  great  to  represent 
gel,  but  the  results  above  show  that  the  qualitative  behavior  of  a  physical 
simulation  could  differ  considerably  between  water  and  gel. 

An  additional  calculation  was  made  to  explore  the  effects  of  wall  ten¬ 
sion.  Figures  2-5  and  2-6  shows  the  response  when  the  Young's  modulus  is  set 
to  3000  psi.  Thu  difference  in  stiffness  has  the  expected  effects  on  amplitude 
and  frequency  of  the  response. 
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Figure  2- 


.  Displacement  time  history  for  top  surface  when  tube  is  filled  with 
water  and  the  bubble  is  at  the  top.  Young's  modulus  of  the  skin 
is  1500  psi.  Each  picture  is  at  0.4  msec  intervals  in  all 
subsequent  figures. 
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Figure  2-2.  (Cont’d). 
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Figure  2- 


.  Displacement  tine  history  for  top  surface  when  tube  is  filled  with 
wuter  and  bubble  Is  at  the  center  of  the  tube.  Young’s  modulus  for 
the  skin  Is  1500  psl. 


12 


I**  v 


*  r^T  *, r% 


» r 


evvws 


Figure  2-5.  Displacement  time  history  for  top  surface  when  tube  Is  filled  with 
water  and  bubble  is  at  the  center.  Young's  modulus  for  the  skin 
Is  3000  psl. 
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Figure  2-6.  Displacement  time  history  for  top  surface  when  tube  is  filled  with 
water  and  bubble  is  at  top.  Young's  modulus  for  shin  is  3000  psi. 


Figure  2-6.  (Cont'd). 


3.  LABORATORY  TESTS  OH  BLAST  EFFECTS  OH 
SIMULATED  GASTROIMTESTIHAL  DCBOLI 


Evidence  collected  In  the  field  has  shown  that  blast  overpressure  (BOP) 
cause  localized  gastrointestinal  tract  bleeding.  This  was  suspected  to  be 
the  result  of  localized  Intestinal  lining  strain  associated  with  wall  deforma¬ 
tion  caused  by  the  collapse  of  entrapped  gas  bubbles  near  the  membrane  wall. 
Direct  detection  of  the  causal  relationship  will  Involve  sophisticated  equip¬ 
ment  and  Instrumentation.  However,  a  simple  laboratory  experiment  provides 
some  Insight  Into  the  underlying  mechanism.  With  this  objective  In  mind,  a 
series  of  simple  experiments  were  conducted  using  the  jet  lmpactor  and  exist¬ 
ing  JAYCOR  equipment. 

The  experiments  were  done  by  suspending  a  model  “intestine"  in  a  water 
chamber  and  then  Impacting  the  chamber's  flexible  "abdomen"  to  generate  an 
equivalent  BOP.  Subsequent  intestinal  surface  deformation  was  then  recorded  by 
a  high  speed  movie  camera  for  later  analysis. 

In  these  tests  a  number  of  air  bubble  sizes,  impulse  pressure  magnitudes, 
and  Intestinal  fluids  were  used.  A  brief  description  of  the  experimental  setup 
and  the  findings  are  given  below. 

EXPERIMEMTAL  SETUP 

Figures  3-1  and  3-2  show  the  arrangement  of  the  single  valve  lmpactor 
used  to  fire  a  vertical  blast  at  the  representative  GI  tract  model.  Vertical 
firing  was  chosen  to  allow  the  camera  to  look  down  directly  at  the  position 
where  the  air  bubble  contacted  the  simulated  "intestine"  wall.  Figure  3-3 
shows  the  nozzle  head  and  orifice  plate  assembly.  The  orifice  plate  has  a 
symmetrical  non-expanding  hole  pattern,  and  the  valve  is  an  Asco  1.5"  D.C. 
valve . 

The  "GI  tract"  pressure  chamber  model  is  shown  In  Figure  3-4.  It  is  an 
aluminum  cylinder  filled  with  water,  capped  on  one  end  by  a  3/8"  thick  plexi¬ 
glass  window  for  viewing  the  subject,  and  capped  on  the  bottom  end  by  a  1/16" 
flexible  rubber  membrane  simulating  the  abdomen's  outer  wall. 
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bubble  experiment 


Figure  3-5  shews  the  water  filled  GI  tract  model  with  a  0.5"  air  bubble 
(embolus).  The  GI  model  is  a  1  mil  thick  closed  tube  made  from  plastic  film 
and  filled  with  water.  The  sealed  "intestine"  was  suspended  0.5"  from  the 
viewing  port.  The  entire  chamber  was  filled  with  water  and  bled  of  any  stray 
air  bubbles.  A  pressure  transducer  with  1/16"  diameter  pressure  port  was  in¬ 
stalled  (Fig.  3-6)  in  the  chamber  wall. 

The  GI  tract  model  assembly  was  suspended  at  a  target  stand-off  distance 
of  16  Inches.  The  accumulator  was  charged  to  140  psi  and  the  impactor's  system 
pressure  was  set  at  180  psi.  The  valve  cycle  time  was  120  ms. 

A  Fastax  high  speed  movie  camera  was  used  to  visualise  the  phenomenon  of 
air  bubble  collapse  and  the  associated  membrane  wall  deformation.  The  photo¬ 
graphic  results  were  collected  onto  a  single  reel  and  delivered  separately  to 
WRAIR. 

TEST  RESULTS  AMD  DISCUSSION 

A  typical  pressure  signal  measured  at  the  cylinder  wall  is  shown  in  Fig¬ 
ures  3-7  and  3-8.  A  relatively  high  initial  Impact  pressure  of  48  psi  was  used 
for  the  initial  test  to  insure  an  observable  impact  effect  on  the  air  bubble. 
The  results  can  be  seen  in  movie  "C."  A  second  movie,  "N,"  was  made  using  an 
1.0"  air  bubble  in  water.  This  larger  bubble  showed  similar  reactions  to  the 
blast.  The  test  matrix  and  test  parameters  for  these  and  subsequent  tests  are 
summarized  in  Table  3-1. 

The  initial  tests  confirmed  that  the  high  speed  camera  could  "see"  the 
blast-induced  contraction  of  the  air  bubble.  Closer  examination  indicated 
correlation  of  air  bubble  collapse  and  expansion  with  pressure  signal  shape. 
Figure  3-9  qualitatively  correlates  bubble  motion  with  the  measured  pressure. 
The  effects  of  the  bubble  collapse  on  the  membrane  wall  dynamics  became  the 
next  visualization  objective. 

To  enhance  the  quality  of  the  test  results,  a  higher  speed  (ASA  400) 
color  movie  film  was  used  for  the  remaining  tests,  and  the  Fastax  exposure 
rate  was  increased  from  2400  to  4000  frames  per  second. 
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Figure  3-5.  Initial  test  installation  with  0.5"  air  bubble. 


Figure  3-6.  Transducer  location  on  test  chamber  wall. 
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Figure  3-8.  Typical 


27 


Tabic  3-1*  Teat  Matrix 


Bubble  ftlae  Mix.  Initial  total 

Site  Tim  Preaa.  Impulse  Huap  Signal 


Movie 

Date 

(in.) 

<m> 

(p«l) 

ini 

(p«o 

(«•> 

Mmbrane  Fluid 

<5 

4/27 

0.5 

0.75 

48 

4.5 

13 

118 

water 

N 

6/21 

1.0 

1.15 

30 

4.9 

10 

153 

water 

I 

6/18 

2.0 

1.55 

36 

3.2 

13 

154 

■ilk 

of  magnetic 

J 

6/18 

2.0 

1.45 

26 

3.2 

16 

>  184 

milk 

of  magnetic 

L 

6/21 

2.0 

2.50 

8 

5.2 

7 

112 

milk 

of  aagneaia 

K 

6/18 

2.0 

2.76 

2 

6.3 

- 

8 

milk 

of  magnetic 

M 

6/21 

0.5 

0.75 

39 

3.9 

7 

163 

milk 

of  Magnesia 

H 

6/18 

- 

1.30 

51 

4.0 

13 

>  190 

milk 

of  magnesia 

P 

6/25 

1.0 

1.25 

47 

2.6 

15 

168 

gel  paate 
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Clear  Fog  Stage  MLiiute  HLnute  Bubbl 


Movies  H  through  M  used  the  Cl  model  shown  in  Figures  3-10  and  3-11*  'Hie 
intestine  model  was  again  made  of  1  mil  thick  plastic  film,  however  this  time 
it  was  filled  with  milk  of  magnesia  to  give  an  opaque  background  so  that  the 
grid  lines  drawn  on  the  “skin"  of  the  model  to  show  surface  distortion  could 
easily  be  seen* 

Movie  "I"  shows  the  results  of  a  test  with  a  2.0"  air  bubble  submitted  to 
a  shock  wave  of  36  psl  with  a  rise  time  of  1.55  ms*  The  film  shows  a  dramatic 
cratering  of  the  membrane  wall  around  the  bubble  as  the  Impulse  strikes  the 
model.  The  continued  pressure  by  the  "hump"  section  of  the  signal  prevents  the 
crater  from  restoring  lnraediately  to  its  original  equilibrium  position  until 
the  entire  impulse  signal  had  passed. 

Movie  "J"  shows  the  same  test  setup  at  26  psl  with  a  rise  time  of  1.45 
ms.  The  results  are  similar  to  Movie  "I". 

Movie  "L"  shows  the  effects  of  an  8  psi  shock  wave  with  a  rise  time  of 
2.50  ms.  Even  at  this  relatively  low  pressure,  deformation  of  the  membrane 
wall  can  still  be  seen. 

Movie  "K"  shows  that  at  2  psi  and  a  rise  time  of  2.76  ms  no  discernible 
wall  deformation  effect  can  be  seen  for  this  particular  membrane  material. 

Movie  "M"  shows  the  effects  on  a  0.5"  air  bubble.  Under  a  pressure  of 
39  psl  and  a  rise  time  of  0.75  ms.  The  smaller  air  bubble  shows  a  much  more 
localised  reaction  than  with  the  2.0"  air  bubble. 

Movie  "H"  is  a  null  test.  No  bubble  was  present  in  the  model.  A  shock 
wave  of  50  psi  with  a  rise  time  of  1.30  ms  was  applied.  The  results  show  no 
visible  effect  on  the  membrane  wall. 

Movie  "P"  shows  the  effects  of  a  47  psi  shock  wave  with  a  rise  time  of 
1.25  ms  on  a  1.0"  bubble  entrained  in  a  denser  gel  made  of  toothpaste.  The 
results  show  similar  membrane  wall  reaction  but  the  thicker  fluid  appears  to 
dampen  the  propagation  of  surface  distortion. 

These  results  show  that  the  bubble  volume  changes  in  correlation  with 
impulse  pressure.  Furthermore,  the  bubble  volume  change  causes  the  membrane 
wall  to  crater  and  fill  the  "void”  left  by  the  collapsed  air  bubble. 
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Though  the  model  used  in  this  experiment  differed  in  material  properties 
from  that  of  a  real  intestine,  it  is  plausible  that  the  observed  cratering 
effect  and  subsequent  bulging  of  the  membrane  wall  could  be  related  to  the 
cause  of  the  localized  gastrointestinal  wall  trauma  seen  in  the  animals* 
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